Abstract Sirolimus used in transplantation is often associated with hypercholesterolemia. We measured serum lipid and PCSK9 levels in 51 heart transplant recipients who had their immunosuppressive therapy switched from calcineurin inhibitors to sirolimus. The switch resulted in a 23% increase in LDL cholesterol, and 46% increase in triglycerides and PCSK9 levels increased from 316 ± 105 ng/mL to 343 ± 107 ng/mL (p = 0.04), however the change in PCSK9 levels did not correlate with an increase in lipid levels (p = 0.2). To investigate the mechanism for the variability in the change in PCSK9 levels, lymphoblastoid cell lines were incubated with both sirolimus and everolimus, resulting in a 2-3 fold increase in PCSK9 expression and protein levels in mTOR inhibitor sensitive but not in mTOR inhibitor resistant cell lines. This first in human study demonstrates that sirolimus therapy is associated with elevation in PCSK9 levels which is not associated with sirolimus-induced hypercholesterolemia.
Introduction
Sirolimus (Rapamycin) is a novel immunosuppressive agent which binds to the kinase enzyme, mammalian target of rapamycin (mTOR), leading to cell cycle arrest, and subsequent inhibition of T cell activation and proliferation in response to cytokine stimulation [1] . Because of its potent anti-rejection and anti-proliferative effects that translate into less cardiac allograft vasculopathy, and the absence of nephrotoxicity, it is increasingly used as a primary immunosuppressant in cardiac transplant patients.
Sirolimus is also the first pharmacological agent that has been shown to extend maximal lifespan in a mammalian species and is being increasingly used in anti-aging research [2] . However, use of sirolimus is often associated with development of significant hypercholesterolemia and hypertriglyceridemia, with an average 15-20% increase over baseline levels [3] [4] [5] [6] . Despite its efficacy in reducing cardiac allograft vasculopathy [7] , there is concern that sirolimus-induced dyslipidemia can contribute to atherosclerosis. Indeed, studies in LDL receptor knock-out mice do suggest that the potential of mTOR inhibitors to ameliorate atherosclerosis might be attenuated by concomitant hypercholesterolemia [8] . A better understanding of the mechanisms of sirolimus-induced hypercholesterolemia is therefore likely to have a significant bearing on cardiac allograft vasculopathy and long-term survival of cardiac transplant recipients.
The exact mechanism by which mTOR inhibitors cause dyslipidemia is not known. Proprotein convertase subtilisin/ kexin Type 9 (PCSK9) is a serine protease enzyme which plays a critical role in regulation of LDL cholesterol levels by binding to LDL receptors, leading to their ultimate lysosomal degradation [9] . Sirolimus, which blocks the mTOR pathway, could potentially increase LDL cholesterol by increasing PCSK9 levels, as mTOR signaling is known to regulate various aspects of lipid metabolism [10] . Ai et al. [11] showed that administration of Sirolimus in wild type mice leads to increased PCSK9 expression, reduced LDL receptors and increase in serum cholesterol. This effect was not seen in PCSK9 knock-out mice, thus suggesting the critical role of PCSK9 in mediating the hypercholesterolemic effect of sirolimus. Whether a similar mechanism occurs in humans is not known.
The primary purpose of this study was to perform the first in human study to investigate the effects of sirolimus therapy on serum PCSK9 levels in heart transplant recipients. We then sought to evaluate the effect of the change in PCSK9 levels on the change in lipids, to evaluate whether a change in PCSK9 levels explains the hyperlipidemia observed in heart transplant recipients receiving sirolimus. We also performed in-vitro studies using human lymphoblastoid cell lines to investigate the variable effect of mTOR inhibition on PCSK9 gene expression and protein levels.
Methods

Clinical Study
This is an analysis of patients who underwent cardiac transplantation at the Mayo Clinic, Rochester within the past 7 years and had been switched to sirolimus-based immunosuppressive therapy. Transition from calcineurin inhibitor (CNI) based immunosuppressive therapy to sirolimus-based therapy is part of a routine protocol in our program, and a fasting serum lipid profile is obtained before and after the transition. The most recent blood sample before switching to sirolimus, and the first sample obtained 8 weeks after the switch were chosen for the pre and post-sirolimus measurements, respectively. Total cholesterol, triglycerides and HDL cholesterol were measured by an automated colorimetric enzymatic assay, and LDL cholesterol was calculated using the Friedewald equation. Serum PCSK9 levels were measured using the commercially available CircuLex Human PCSK9 ELISA kit. The intra and inter-assay coefficient of variation for this assay varies from 1.5-2.6% and 2.9-7.1%, respectively (CycLex Co., Ltd., Nagano, Japan). The study protocol was approved by the Mayo Clinic Institutional Review Board, and all patients provided informed written consent.
Statistical Analysis
All continuous values are reported as mean ± standard deviation. Weight, lipid parameters and PCSK9 levels before and after sirolimus therapy were compared using the Students' paired t test, and p ≤ 0.05 was considered significant.
Pearson correlation was used to analyze the relationship between PCSK9 and LDL levels.
In-Vitro Cell Culture Studies
The human variation panel Lymphoblastoid Cell Lines (LCL) are derived from 96 African-American (AA), 96 CaucasianAmerican (CA) and 96 Han Chinese-American (HCA) healthy unrelated individuals (sample sets HD100AA, HD100CAU, HD100CHI). The LCLs were obtained from the Coriell Cell Repository (Camden, NJ) and were collected, anonymized and deposited by the National Institute of General Medical Sciences. LCLs were cultured in RPMI 1640 medium (Gibco, Grand Island, NY) supplemented with 15% heat-inactivated Fetal Bovine Serum (FBS) (Atlanta Biologicals, Flowery Branch, GA). In accordance with Coriell Institute instructions, LCLs were maintained at a density of 2-8 × 10 5 cells/mL, and were split with fresh medium every 3 days, depending on the growth status of each cell line.
Drug Treatment and Expression Detection
Cytotoxicity data for mTOR inhibitor sirolimus (Sigma, St. Louis, MO) and everolimus (Sigma, St. Louis, MO) were performed in all LCLs as described before [12] . Based on the half maximal effective concentration that results in cytotoxicity (EC50) for all the cell lines, five LCL cell lines were selected from sirolimus and everolimus resistant or sensitive groups, respectively. Drug treatments were performed in triplicate for each selected LCLs. Specifically, 1 × 10 6 cells were plated into 6-well plates and treated with sirolimus or everolimus for 3 days. The concentration is based on the mean EC50 for all the LCLs, which is 0.2 μM for sirolimus or 0.33 μM for everolimus. DMSO was added as the control at a final concentration of <0.1% in the medium.
Total RNA was isolated from treated cells with the Qiagen RNeasy kit (QIAGEN, Hilden, Germany), and 100 ng of total RNA was used to perform qRT-PCR using the PCSK9 primer (QIAGEN). All experiments were performed in triplicate with Beta-ACTIN (QIAGEN) as an internal control.
Proteins from treated cells were extracted using NETN buffer (100 mM NaCl, 20 mM Tris-Cl (pH 8.0), 0.5 mM EDTA, 0.5% Nonidet P-40) with protease and phosphatase inhibitor cocktail (Roche, Basel, Switzerland), and were separated by electrophoresis on 4%-20% SDS-PAGE gels followed by transferring onto the polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Inc., Hercules, CA). Membranes were probed with anti-PCSK9 antibody (Abcam, Cambridge, United Kingdom), anti-mTOR antibody (Cell Signaling, Danvers, MA), anti-phosphorylated Ser2448 mTOR antibody (Cell Signaling) and anti-Actin antibody (Sigma, St. Louis, MO) in 1% BSA blocking buffer. Protein bands were visualized by SuperSignal West Pico chemiluminescence (Thermo Scientific, Waltham, MA).
Results
Clinical Study
The baseline characteristics of the 51 patients who underwent cardiac transplantation, and were switched to sirolimus-based immunosuppressive therapy are summarized in Table 1 . The mean age of the patients was 55 years, ranging from 30 to 74 years. About 75% of the subjects were male, and the most common cause for heart failure was idiopathic dilated cardiomyopathy. In addition to cardiac transplantation, 9 patients received a simultaneous liver transplant, 5 received a simultaneous kidney transplant, and one patient underwent a combined heart, liver and kidney transplant.
They were transitioned from a calcineurin-based immunosuppressive regimen consisting of either tacrolimus or cyclosporine to sirolimus-based immunosuppressive regimen at an average of 51 ± 30.2 weeks (median, 40 weeks) after transplantation. The mean sirolimus dose was 3.3 ± 1.6 mg/day. Baseline pre-sirolimus samples were obtained 34 ± 30.5 weeks after the transplant, while post-sirolimus measurements were obtained 72 ± 31.9 weeks after the transplant.
At baseline (pre-sirolimus), 8 subjects had diabetes, of which 5 were on insulin therapy. One additional patient developed diabetes after sirolimus conversion. A 4.1 ± 8.8% mean increase in weight was noted after patients were switched to sirolimus (81.2 ± 16.3 kg to 84.1 ± 15.8 kg, p = 0.002), but no change in fasting plasma glucose levels was observed (99.5 ± 18.7 mg/dL to 101.5 ± 19.8 mg/dL, p = 0.529). There was also a significant reduction in prednisone dose from 10.5 ± 5.9 mg/day to 6 ± 4 mg/day as part of a routine steroid weaning protocol.
At baseline, 39 of the 51 subjects were on statin therapy, pravastatin 20-40 mg/day being the most common (87%) drug used. Statin therapy was intensified in 10 subjects and initiated in an additional 7 subjects after sirolimus conversion. Changes in lipid profile are shown in Table 2 . There was a 23-39% increase in serum total, LDL and non HDL cholesterol, and a 56% increase in serum triglycerides, with no changes in HDL cholesterol (Table 2) .
Serum PCSK9 levels also increased from 316 ± 105 ng/mL to 343 ± 107 ng/mL (p = 0.041) during this period (Fig. 1) . There was however significant inter-individual variability observed in the change in PCSK9 levels with sirolimus use. There were 18 patients who had no change or a decrease in PCSK9 levels, however the vast majority of patients (n = 33) had an increase in PCSK9 levels. Plasma sirolimus levels were similar between the two groups. The increase in LDL cholesterol was also similar between both groups (22.1 ± 29.7 mg/dL vs 26.2 ± 68.3 mg/dL, p = 0.8).
Baseline serum PCSK9 levels showed a significant positive correlation with baseline LDL cholesterol levels (r = 0.44, p = 0.001, Fig. 2A ), but there was no correlation between changes in PCSK9 and LDL cholesterol levels (r = −0.17, p = 0.2, Fig. 2B ). By controlling for sex, we found no significant difference in the change in LDL-C given a change in Restrictive cardiomyopathy 6
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Heart, liver and kidney 1 PCSK9 (slope = −0.091791, p = 0.2087). Similarly, we found that sex was not a significant predictor of the change in LDL-C (p = 0.7433).
In-Vitro Study
To further examine the inter-individual variability in change in PCSK9 levels with mTOR inhibition, we selected 5 LCLs from two ends of the distribution of EC50 values for all of the LCLs to test PCSK9 expression and protein levels before and after treatment with mTOR inhibitors. In sirolimus or everolimus-sensitive LCLs, the mTOR activity, determined by phosphorylated Ser2448 mTOR level, decreased dramatically as expected after treatment with mTOR inhibitors, while both mRNA and protein level of PCSK9 was inversely upregulated (Fig. 3) . In the resistant LCLs, mTOR activity did not change significantly; neither did the expression of PCSK9 after treatment with sirolimus or everolimus (Fig. 3) . These results suggested that mTOR activity directly affects PCSK9 expression, and variability in PCSK9 response is dependent on variability in mTORi sensitivity.
Discussion
This is the first study in humans, to the best of our knowledge, which demonstrates that treatment with mTORi therapy can result in an increase in PCSK9 levels. Recently, circulating PCSK9 levels have been shown to predict the occurrence of cardiovascular events in the general population independent of lipid levels and other cardiovascular risk factors [13] . Therefore the observation that circulating PCSK9 levels can change with pharmacological therapy such as sirolimus may be significant. Second, we demonstrate that the mTORi associated hyperlipidemia is likely not due to elevation in PCSK9 levels, which has broader implications for treatment of not only cardiac transplant recipients but also the general population if used for its anti-aging potential. Third, we observe that there is significant variability in the change in PCSK9 levels with sirolimus use that may result from the variability in sensitivity to mTORi as demonstrated in our in-vitro LCL model system. Further studies are needed to identify the determinants of mTORi sensitivity. Sirolimus is the first FDA approved drug that has been shown to prolong life in both sexes in the mammalian species and has beneficial effects by decreasing cancers and cognitive impairment [14] . Sirolimus-based immunosuppressive therapy also offers many advantages in cardiac transplant recipients including decreased cardiac allograft vasculopathy and nephrotoxicity [7] , but its use can also lead to hypercholesterolemia [4] which can increase the risk for atherosclerotic vascular disease. While the genesis of cardiac allograft vasculopathy is not similar to atherosclerotic cardiovascular disease, hypercholesterolemia can still exacerbate this condition. A clear understanding of the mechanisms by which mTORi causes dyslipidemia will help address this potential complication that may, in turn, improve outcomes not only in cardiac transplant patients but in the general population if used to retard the aging process. The current study clearly shows that in most individuals, mTORi increase the expression and circulating levels of PCSK9. It has been well established that PCSK9 increases the lysosomal degradation of LDL receptors, thus interfering with receptor mediated uptake of LDL particles leading to elevated LDL cholesterol in the circulation at baseline [15, 16] . However, based on our study findings, this phenomenon may not have a linear Representative Western blot for protein expression. Western blot analysis with antibodies against mTOR, phosphorylated Ser2448mTOR, PCSK9 was performed using protein lysate from cells treated under the same conditions as those in (a). Actin was used as a loading control. (c) Quantification of relative protein levels for all 5 LCLs. Results were calculated with Gray-scan value. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Rapa = rapamycin, Eve = everolimus, Res = resistant, Sen = sensitive relationship (higher increase in PCSK9 levels lead to higher LDL levels) in sirolimus-induced hyperlipidemia.
Following transition to sirolimus based therapy, we noticed a 23% increase in serum LDL cholesterol levels. This may have been partly attenuated by concomitant statin therapy in many patients, but is similar to the magnitude of dyslipidemia reported in previous studies [4, 5, 17, 18] . While majority of our patients were already on statin therapy after transplant and before being switched to sirolimus, the increase in lipid levels necessitated further changes in lipid-lowering therapy in some patients. These included 7 patients in whom statin therapy was initiated, 6 in whom the dose was increased, and 4 who were switched to a more potent statin. These changes could potentially have masked an even greater effect of sirolimus on LDL cholesterol levels. A modest weight gain of about 3 kg was noted, but this is also unlikely to have a significant effect on PCSK9 levels. Arsenault et al. [19] reported no correlation between PCSK9 levels and BMI, and no significant change in PCSK9 levels after an average 6.7 kg weight loss. It therefore appears that the most likely reason for the increase in PCSK9 levels in our patients was introduction of sirolimus therapy.
There is a wealth of data supporting the role of PCSK9 in the regulation of LDL cholesterol levels [15, 16] as observed in our study which shows a significant correlation between baseline PCSK9 levels and baseline LDL levels (p = 0.001). However our study does not support the concept that an increase in PCSK9 levels with sirolimus use results in an increase in lipid levels, hence making it unlikely that sirolimus-induced hyperlipidemia is due to an elevation in PCSK9 levels. This finding is supported by a prior observation that the magnitude of PSCK9 levels in itself is unlikely to account for the observed increase in LDL cholesterol levels [20] . Additionally, a recent report demonstrating elevated PCSK9 levels in patients with nephrotic syndrome failed to show a correlation between changes in PCSK9 and lipid levels despite a significant decline in both PCSK9 and lipid levels after resolution of nephrotic syndrome [21] . Other contributing factors to sirolimusinduced hyperlipidemia could be an increase in apolipoprotein B synthesis leading to increased production of VLDL particles [22] ultimately leading to increased LDL particles with triglyceride hydrolysis. Increased apolipoprotein B synthesis could also contribute to hypertriglyceridemia observed with sirolimus therapy, as could also an increase in the synthesis of apolipoprotein CIII which inhibits triglyceride hydrolysis and remnant particle uptake [23] . Sirolimus, therefore, has multiple effects on lipoprotein metabolism (Fig. 4) that could contribute to the dyslipidemia observed with therapy.
In our first in human study, we confirmed not only the laboratory based observation of an increase in PCSK9 levels with sirolimus therapy but we also demonstrated the inter-individual variability that exists in these measurements, and by performing in-vitro studies in human lymphoblastoid cell lines, attempted to explain this inter-individual variability. Incubation of cells with sirolimus and everolimus lead to a more than 2-3 fold elevation in PCSK9 mRNA and protein levels only in mTOR sensitive cells, thus demonstrating that increase in PCSK9 expression is dependent on mTOR inhibition. It is known that mTOR signaling influences the expression of sterol regulatory element-binding protein (SREBP), and other transcription factors which regulate lipid homeostasis [10] . Recently, Liu et al. [24] showed that in mice with non-alcoholic fatty liver disease, blocking mTORC1 signaling leads to decreased SREBP translocation and increased PCSK9 expression and LDL receptor degradation. This interesting observation may explain the possible molecular mechanism of the interaction between mTOR signaling and lipid homeostasis.
Our in-vitro data also demonstrated the presence of variability in PCSK9 expression and levels in distinct mTOR sensitive and resistant LCL. We observed a similar dichotomous response in changes in PCSK9 levels in our patient cohort. Plasma sirolimus levels between the two groups were not different, and hence the bioavailability of the drug is unlikely to account for the difference in PCSK9 levels.
In summary, our human and in-vitro cell culture studies together suggest that mTOR inhibition with sirolimus use increases PCSK9 expression and levels, however the increase in serum PCSK9 levels does not correlate with sirolimusinduced hypercholesterolemia. These observations have important implications for the use of mTORi in the management of transplant patients, as an anti-aging agent and in our overall understanding of mTOR signaling in maintaining lipid homeostasis. The cause for variability in sirolimus-induced elevation in circulating PCSK9 levels, its effect on graft Fig. 4 (Central illustration) . Mechanism of sirolimus-induced hyperlipidemia. Sirolimus increases the expression of Apo B100 leading to increased VLDL secretion. It also increases the expression of Apo CIII which inhibits lipoprotein lipase, and thus reduces hydrolysis and clearance of triglyceride rich lipoproteins. Both these effects contribute to hypertriglyceridemia. It also increases PCSK9 levels leading to decreased LDL receptor expression, and a resultant increase in LDL cholesterol levels. LDL-R, low density lipoprotein receptor; VLDL, very low density lipoprotein, FFA, free fatty acid; IDL, intermediate density lipoprotein; LDL, low density lipoprotein; ER endoplasmic reticulum; TG, triglyceride; CE, cholesterol ester vasculopathy, and the potential use of novel PCSK9 blocking therapy in attenuating this long-term complication needs to be further explored.
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